Among the precipitation hardening stainless steels, martensitic grade of 17-4 PH has a special importance. This steel exhibits a good combination of high mechanical properties and good corrosion resistance. Therefore it is widely used in many branches of industry. The pitting corrosion behaviour of sintered 17-4 PH steel processed under different aging processing conditions in 0.5 M NaCl solution at 25°C was studied by open circuit potential measurement and potentiodynamic polarization technique. Compared with the sintered 17-4 PH, the corrosion resistance of the solution treated and aged steels were improved, as evidenced by a noble shift in open circuit potential, a higher pitting potential, a higher polarization resistance and a lower passive current density. Considering the influence of aging temperature on the pitting behavior of the 17-4 PH steel, it can be concluded that steel aged at 480°C exhibited the highest corrosion resistance in 0.5 M NaCl solution. While aging treatment at 500°C resulted in the worst corrosion resistance. In addition, the hardness of the solution treated and aged 17-4 PH was higher than that of the sintered steel.
INTRODUCTION
It is known that the corrosion destruction is one of the main sources of material loss. And furthermore it contributes to the pollution of the environment and even constitutes a risk to human health. The problem of materials durability in natural and artificial environments is extremely important from the viewpoint of design and also application of constructions, devices, tools and etc.
The degradation of the materials and the environment as a result of corrosion can be effectively reduced by appropriate prevention, mainly by using methods of anticorrosive protection and adequate selection of materials.
The steels containing at least 10.5 wt % chromium and other elements (such as nickel or molybdenum) are more resistant to rust, staining and corrosion than regular steel. Due to the high corrosion resistance, stainless steels are widely used in many fields of technology, industry, and also in medicine for the manufacture of tools and implants. It should be noted that the range of application of these steels is constantly growing [1÷3] .
Stainless steels are significantly resistant to general corrosion, but in aggressive environments (in particular those containing chlorides) they are prone to various forms of localized corrosion (pitting, crevice, intergranular, stress corrosion cracking). Pitting is considered to be more dangerous than uniform corrosion damage because it is more difficult to detect, predict and design against. Pitting corrosion is the most common type of corrosion in stainless steels. It is manifested in the form of small pits on passive metal surfaces. This corrosion is caused by aggressive anions. Due to the high aggressiveness, the prevalence in nature (sea water) and application in practice (salt on the roads, food industry, chemical industry), chlorides are the most important. They damage the thin passive layers. It leads to highly localized dissolution of the metal surface and may result in perforation the walls of the device, resulting in economic losses and security problems [1, 2] .
Stainless steels can be classified into several groups. These include: austenitic, ferritic, martensitic, precipitation hardening, dual-phase and duplex stainless steels. There are a lot of commercially available stainless steel grades. Many of them can be manufactured by conventional water atomization and then pressed and sintered [1÷3] .
Among the precipitation hardening stainless steels, martensitic 17-4 PH has a special importance. 17-4 PH (AISI type 630 or UNS S17400) is a chromium-nickel-copper precipitation hardening stainless steel containing approximately 3÷5 wt % Cu [3÷5]. 17-4 PH steel is strengthened by the precipitation of highly dispersed copper rich particles in the martensitic matrix and small fraction of delta ferrite [2, 3, 6, 7] . Because of appropriate combination of high mechanical properties, reasonable toughness and good corrosion resistance, this steel is widely used as structural components in various applications (in aerospace, marine constructions, chemical, petrochemical and food industries, power plants) [4, 5, 8÷12] .
17-4 PH stainless steels can be fabricated in various shapes (as bars, wires, sheets, forged parts, cast products, powder metallurgy and powder injection molding products) [2, 3, 5, 6, 8÷15] .
It is known in literature that after solution treatment and cooling to room temperature, 17-4 PH stainless steel exhibits a martensitic microstructure (but the hardness is not enough high). Subsequent aging precipitation treatment in the temperature between 480 and 620°C results in increase of hardness and strength due to the formation of a submicroscopic copper-rich phase inside the martensitic matrix with low-carbon content and stable at room temperature [6, 7, 9, 11, 13, 16] .
It is worth mentioning than the maximum strength and hardness values can be obtained after ageing at 450÷510°C (the precipitation of coherent copper-rich clusters), while precipitation of incoherent fcc copper-rich precipitates occurs after ageing at a temperature above 540°C. On the other hand the formation of reversed austenite phase is observed at higher temperature, around 570°C and above [7] .
There are several works investigating the influence of different aging treatments on the microstructure, mechanical properties of sintered 17-4 PH steels [14, 17÷20] . However, there are a few work studying an effect of aging temperature on corrosion resistance of these alloys [2, 8÷11, 13, 15, 21÷23] .
It was showed that 17-4 PH steel has a high resistance to stress corrosion cracking. While age hardening treatment increases its sensitivity to stress corrosion cracking [8] . Because of the compositions of phases (17-4 PH consists of a mixture of martensite and mutable content of δ-ferrite and ε-copper precipitation depending on the ageing conditions) this steel is susceptible to pitting corrosion in the chloride containing environment [10] . Potentiodynamic polarization (by utilizing a slow scan rate of 0.05 mV·s -1 ) indicated that by increasing aging temperature from 480°C to 550°C, the pitting potential of wrought 17-4 PH steel is considerably increased, but further rising the aging temperature up to 620°C reduces the pitting potential. It is because of differences in volume fraction of ferrite, morphology and distribution of copper rich precipitates and the amount of reverted austenite in steel aged at 620°C [21] .
The corrosion behaviour of conventional 17-4 PH stainless steel (in rod form) in seawater as well as chloride-containing aqueous solutions of varying concentration (300, 500, 1000 and 5000 ppm) was studied by the application of potentiodynamic polarization technique [24] . Measurements were carried out using a scan rate of 0.2 mV·s -1 . The corrosion rate of 17-4 PH in seawater was a little lower than that in aqueous solutions containing lower concentrations chloride. It should be pointed out that corrosion rate of 17-4 PH decreased with increasing chloride concentration. An increase in chloride concentration resulted in a shift of E pit to more negative value. Generally, corrosion rate of conventional 17-4 PH in seawater as well as aqueous solutions at 50°C was higher than that of 316L or 304L [24] .
In the present paper the pitting corrosion behaviour (in 0.5 M NaCl solution at 25°C) of sintered 17-4 PH stainless steel processed under different aging processing conditions was studied by open circuit potential measurement and potentiodynamic polarization technique.
MATERIALS AND METHODS
The material used in this investigation is water atomized powder of stainless steel type 17-4 PH, supplied by AMETEK. Chemical composition of this powder is presented in Table 1 . It is worth mentioning that investigated powder contains addition of lubricant in form of Acrawax in quantity of 0.75 wt %. Apparent density of 17-4 PH powder is 2.54 g·cm -3 , while its flow is 31 sec (50 g). Typical powder particle size is < 150 µm.
The powder was compacted in rigid die under 600 MPa into specimens of size ø20×5 mm. The sintering process was carried out at 1340°C in a laboratory Nabertherm P330 furnace in hydrogen atmosphere. The heating rate to reach the sintering temperature was 10°C•min -1 . The time for isothermal sintering was 30 minutes. The cooling rate from sintering temperature was also 10°C•min -1 . Assintered samples were retained for comparison. And then the sintered 17-4 PH steel was solution treated at 1040°C for 30 minutes and oil quenched. It was also aged at three temperatures: 480°C, 490°C and 500°C for one hour. The description of samples designation applied in the following part of this article is given in Table 2 .
The density and porosity were measured by the water-displacement method (according to demands of PN-EN ISO 2738:2001 norm). The hardness (HV10) were determined.
The corrosion behaviour of the sintered stainless steels was evaluated using Atlas 0531 EU&IA (Atlas-Sollich) including reference electrode, counter electrode and working electrode. The reference electrode was a saturated calomel electrode (SCE). Platinum one was used as a counter electrode. The specimen was a working electrode. The testing environment was a 0.5 M NaCl solution at ambient temperature. Open circuit potential (OCP) measurement and potentiodynamic polarization test were performed. Before corrosion test, the samples were degreased, washed by distilled water, then cleaned in acetone and dried. The corrosion test was started measuring the open circuit potential value. The potential of the samples was noted and monitored as a function of time until it reached a steady value. After the OCP measurement the potentiodynamic test was performed. The potential was increased at a rate of 1 mV•s -1 , starting from 200 mV below the OCP up to 1 V. From the polarization curve, corrosion potential E corr and corrosion current density i corr have been evaluated (by Tafel extrapolation method). The polarization resistance R pol as well as corrosion rate were determined also.
RESULTS AND DISCUSSION
The density and porosity measurements for all studied steels were performed. It is worth mentioning that green density of 17-4 PH steel be equal approximately 6.18 g•cm -3 . It means low powder compressibility. After sintering process the density of 17-4 PH steel reached about 7.45 g•cm -3 . Whereas the porosity of the sintered samples developed as follows: open and total porosity was about 0.6% and 2.4% respectively. Obtained results show that investigated 17-4 PH steel has good density and low porosity after sintering process. This was confirmed by high value of relative density. It equaled almost 97%. The heat treatment, namely solution treatment and solution treatment followed by aging, had no significant effect on physical properties of studied steels. It can be observed only slight influence of aging temperature on density and porosity of 17-4 PH steel. Namely the higher aging temperature the higher density and open porosity but lower total porosity. The difference in values of density as well as porosity was in second place after the decimal point.
The hardness of sintered 17-4 PH steel was equal to 238 HV10. As it might be expected the hardness of this steel after solution treatment was lower (220 HV10). The hardness of aged steels demonstrated higher values when compared with values of sintered and solution treated steels. Additionally hardness decreased when aging temperature increased. This hardness included the range of from 353 HV10 to 331 HV10.
The variations in open circuit potential (OCP) for all investigated steels immersed in 0.5 M NaCl solution were monitored and the results are presented in Figure 1 and Table 3 .
The potential of sintered steel shows tendency to slightly reducing with time. After 30 minutes exposure in 0.5 M NaCl solution sample almost reaches steady state and OCP potential is about -556 mV. The potential of solution treated steel is more positive and equal -380 mV. From the analysis of presented characteristic it can be concluded that solution treatment leads to potential increase (shift to more positive values) in comparison to sintering process while after aging treatment potential of 17-4 PH steels is reduced.
As can be seen for all aged steels, potential shows a gradual increase with time. This is evidence for the development of passive layers. All aged samples almost reach steady state after 30 minutes exposure in 0.5 M NaCl solution. The higher aging temperature, the lower values of OCP potential. The OCP potential is -455 mV, -629 mV, and -664 mV, respectively. Moreover the higher aging temperature, the higher OCP difference between start and after 30 minutes exposure time.
The potentiodynamic polarization curves of the investigated steels are shown in Figure 2 . As can be seen sintered 17-4 PH steel doesn't show a typical anodic polarization curves comprising an active, a passive and a transpassive region. The usual active-passive transition maximum does not appear. The rapid increase of current density occurs and passive layer destruction proceeds and transition to pitting corrosion region. In the case of sample after applying solution treatment polarization curve is different. It can be observed active-passive transition maximum and an active, a passive and a transpassive region.
Similar polarization curves were obtained for steel aging at temperature higher than 480°C. According to Figure 2 , two stages of passive process can be distinguished in the presented curves for aged steels (except sample C). In the case of samples D and E low potential passive region occurs. It ranges up to -334 mV and -409 mV, respectively. High potential passive region demonstrates slow increase of the current density and ranges from -334 mV to -38 mV and from -409 mV to -35 mV, respectively. The further increase in current density is probably related to onset of transpassive dissolution. Table 3 lists the values of OCP (after 30 minutes of exposure), corrosion potential E corr , corrosion current density i corr , polarization resistance R pol and corrosion rate of investigated steels immersed in 0.5 M NaCl solution.
From Table 3 the corrosion potential of solution treated steel is more positive compared with E corr for the rest of the investigated steels. The corrosion potential of aged steels ranges from -423 mV to -766 mV. The E corr is shifted to more negative values with increasing aging temperature from 480°C up to 500°C. The sample B demonstrates lower corrosion current density with compared to sample A. Corrosion current density tends to increase when aging temperature increases. The lowest value of i corr was obtained for steel aging at 480°C. Moreover polarization resistance of sample C is maximum. It can be noticed that R pol is reduced from 27 796 to 2783 Ω•cm -2 with increasing aging temperature from 480°C up to 500°C.
As expected, the aging treatment has effect on the parameters such as critical potential E c , the primary passivation potential E pp , pitting potential E p , the critical anodic current density i c and passive current density i p .
It is obviously that by increasing aging temperature, the critical potential is reduced to -501 mV, therefore critical anodic current density is raised to 4.73•10 -4 A•cm -2 by aging at 500°C. It can be stated that the values of i c and E c of the solution-annealing sample are greater than those of the aged samples.
An average passive current density of aging steels calculated from Figure 2 is small in the passive potential region indicating that they have good protection efficiency. Wherein the i p increases up to 4.39•10 -4 A•cm -2 with increasing aging temperature. This indicates that 17-4 PH steel aging at 500°C has poorer passivation behaviour.
The pitting potential of sintered 17-4 PH is equal -355 mV. It can be observed that applying solution treatment and aging result in shift pitting potential to a higher potential region. E p of solution treated 17-4 PH steel is higher in comparison with the sintered sample. Concerning to the pitting resistance, it appears that, by increasing aging temperature from 480 to 490°C the pitting potential does not change much. It can be said that it is almost constant (about 30 mV). However further increasing the aging temperature up to 500°C reduces the pitting potential down to -2.5 mV. It means that the aging treatment at 480°C obviously improve the pitting corrosion resistance in 0.5 M NaCl solution.
The results of performed electrochemical test indicates that by applying solution treatment after sintering process, resistance to pitting corrosion slightly increases. Furthermore the potentiodynamic polarization measurements reveal that solution treatment and aging at 480°C, leads to the optimum corrosion resistance in 0.5 M NaCl solution including higher OCP, polarization resistance and pitting potential. On the other hand, aging at 500°C results in the worst corrosion resistance of 17-4 PH steel.
For all studied steels the size of pits was measured on the investigated surfaces after electrochemical test. It turns out that sintered 17-4 PH steel shows the largest size of pits. Namely the average size of pits is 305 µm. The solution-annealed sample shows much lower size of pits. However in the case of aging 17-4 PH steel size of pits increases from 54 µm to 102 µm with increasing aging temperature. It can be noticed that the size of pits in steel aging at 500°C is comparable to the result obtained for solution treated steel. 
CONCLUSION
The open circuit potential and potentiodynamic polarization measurements (0.5 M NaCl solution at ambient temperature) of sintered, solution-treated and aged 17-4 PH stainless steels have been performed. The influence of aging temperature on pitting corrosion resistance of 17-4 PH steel has been studied. It is well known that pitting corrosion resistance plays an essential role in properties of stainless steels. Because generally corrosion pits initially are formed in open pores and then proceed into interior of pore so open porosity is an important parameter.
As regards the effect of aging temperature on properties such as density, open porosity and hardness, it can be concluded that in the case of density it is negligible. For the other mentioned properties, the higher aging temperature the higher open porosity and the lower hardness. Even so the hardness of aged steel is much higher in comparison to sintered steel. The 17-4 PH steel aging at 480°C exhibits the lowest open porosity (0.17%) and the highest hardness (333 HV0.1).
Considering the influence of aging temperature on the pitting behaviour of the 17-4 PH steel, it can be concluded that steel aging at 480°C exhibits the highest corrosion resistance in 0.5 M NaCl solution (higher OCP, polarization resistance and pitting potential). While aging treatment at 500°C results in the worst corrosion resistance.
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Wpływ temperatury starzenia na odporność na korozję wżerową spiekanej stali nierdzewnej 17-4 PH
